Ultrahigh-pressure (UHP) rocks in the northwest Himalaya are some of the youngest on earth, and allow testing of critical questions of UHP metamorphism and exhumation and the India-Asia collision. The Tso Morari Complex (TMC) is a UHP subduction-zone complex in eastern Ladakh in the western Himalaya, south of the Indus-Yarlung suture zone. U-Pb SHRIMP dating of zircon shows the TMC has a Proterozoic protolith, preserves a Pan-African magmatic history, and shows continuous metamorphic zircon growth during the Early to Middle Eocene, hence constraining the timing of collision, subduction, and exhumation in the western Himalaya. Zircon dating indicates that UHP metamorphism occurred at 53.3 ± 0.7 Ma, followed by 8 m.y. of continual zircon crystallization to amphibolite-facies metamorphic conditions at 45.2 ± 0.7 Ma. Similar continuous zircon growth during UHP metamorphism and through early exhumation to amphibolite-facies conditions occurs in other UHP subduction complexes, including the Sulu terrane, where coesite-bearing inclusions within dated zircon prove conclusively that zircon dates record UHP metamorphism. U-Pb SHRIMP dating of zircon for both the TMC and the Sulu belt demonstrate that zircon continues to crystallize at temperatures 400° ± 50°C based on 40 Ar/ 39 Ar dating yielding the same ages.
Introduction
THE TSO MORARI COMPLEX formed as a result of UHP metamorphism during subduction of the Indian subcontinent beneath Asia in the Early Eocene. The continent-continent collision is thought to have begun at 55 ± 1 Ma in the northwest Himalaya based on stratigraphy of collision-related sediments on both sides of the Indus-Yarlung suture zone (IYSZ) and a slowing of convergence rates (Klootwijk et al., 1992; Guillot et al., 2003) . The UHP eclogites from Tso Morari, India, and Kaghan, Pakistan (e.g., Pognante and Spencer, 1991; Kaneko et al., 2003) , are evidence that the leading edge of the entire northwestern part of the Indian continental margin was subducted beneath the Kohistan-Ladakh arc to a minimum of 90 km. Previously published age estimates for peak metamorphism for the TMC are based on Sm-Nd, Lu-Hf, and U-Pb allanite dating with significant errors (55 ± 7 Ma, 55 ± 12 Ma, and 55 ± 17 Ma, respectively; see de Sigoyer et al., 2000) and do not allow precise analysis of the geologic evolution in such a young mountain belt. Our U-Pb SHRIMP dating of zircons from the TMC better defines the ages of peak UHP and retrograde metamorphism, thus constraining the P-T-t path and exhumation history of the TMC, and helps resolve the timing of subduction and collision in the northwest Himalaya.
The UHP Tso Morari Complex
The TMC is a 100 × 50 km NW-SE-trending UHP eclogitic subduction zone complex in the eastern Ladakh area near the western syntaxis of the Himalaya, south of the Indus-Yarlung suture zone (Fig. 1) . The TMC was first described by Berthelsen (1953) , and subsequently mapped by Srikantia and Bhargava (1976) ; it is comprised of Proterozoic to Paleozoic quartzofeldspathic orthogneiss and metasedimentary rocks, Paleozoic intrusive granitoids, and small eclogite bodies and their retrogressed equivalents (e.g., de Sigoyer et al., 1997; Guillot et al., 1997; Girard and Bussy, 1999; Jain et al., 2003) . The TMC is tectonically bound by the IYSZ along its entire northeastern margin and by the Tethyan sedimentary zone along its southwestern margin. Sachan et al. (2001) first reported coesite inclusions in garnet from TMC eclogites. Peak P-T conditions for the TMC were 750° to 850°C and a minimum of 2.7 GPa based on conventional thermobarometric calculations, Thermocalc estimates (Powell and Holland, 1988) , and the minimum pressure for coesite formation (Jain et al., 2003 and references therein) . Retrograde HP eclogite-facies (2.0 GPa, 600°C) and amphibolite-facies metamorphism (1.3 GPa, 600°C) was followed by greenschist-facies metamorphism (0.4 GPa, 350°C) and final exhumation to the upper crust Schlup et al., 2003; de Sigoyer et al., 2000) . The P-T paths for Tso Morari metapelites and eclogites are similar, indicating they followed the same tectonometamorphic history . Table 1 shows FIG. 1 . Regional tectonic map of the western Himalaya showing the Tso Morari Complex (pale grey) and the IndusYarlung suture zone (dark grey) (adapted from de Sigoyer et al., 2000; Guillot et al., 2003; Jain et al., 2003; Lacassin et al., 2004) . Simplified modern cross-section A-A' (modified after Jain et al., 2003;  approximate location on map) shows the Tso Morari Complex in the footwall of the Indus-Yarlung suture zone and the ~10° modern subduction angle (true scale below sea level; topography is exaggerated). Abbreviations: BNS = Bangong-Nujiang suture; GF = Gozha fault; GHZ = Greater Himalayan zone; IGP = Indo-Gangetic plain; IYSZ = Indus-Yarlung suture zone; KBC = Karakoram batholith complex; KMF = Karakoram fault; KXF = Karakax fault; LBC = Ladakh batholith complex; LHZ = Lesser Himalayan zone; MBT = Main Boundary thrust; MCT = Main Central thrust; MHT = Main Himalayan thrust; MKT = Main Karakoram thrust; MMT = main mantle thrust; SHZ = Sub-Himalayan zone; SSZ = Shyok suture zone; STDS = South Tibetan detachment system; THZ = Tethyan Himalayan zone. P-T estimates based on thermobarometry and mineral closure temperature data.
Previous dating
de Sigoyer et al. (2000) reported an eclogitization age for the TMC of 55 Ma and syn-exhumation retrograde metamorphic events at ~47 Ma (amphibolitefacies) and 30 Ma (greenschist-facies) using multiple thermochronological techniques (Table 1) ; these ages are interpreted to record eclogite-facies metamorphism (2.0 ± 3 GPa, not UHP metamorphism) at about 55 Ma (55 ± 7 Ma, 55 ± 12 Ma, and 55 ± 17 Ma from Sm-Nd, Lu-Hf, and U-Pb on allanite, respectively) and overlap considerably with ages recording amphibolite-facies metamorphism (48 ± 2 Ma, 47 ± 11 Ma, and 45 ± 4 Ma from 40 Ar/ 39 Ar, Sm-Nd, and Rb-Sr, respectively) ; this leaves open the question of exactly when UHP eclogite-facies metamorphism and the subsequent amphibolitefacies metamorphism occurred. The 55 Ma age for (Mezger et al., 1992) . The Lu-Hf system may record similar temperatures to Sm-Nd, but results are quite variable; T c can vary up to 150°C, from ~600°-750°C (Scherer et al., 2000; . The T c for U-Pb in zircon is about 1000°C Watson, 2001, 2003) , close to peak metamorphic temperatures for the TMC, so U-Pb SHRIMP dating of zircons presented here addresses the problem of these overlapping ages.
U-Pb Zircon SHRIMP Data
Dated zircons for this study are from two samples of quartzofeldspathic gneiss (T18 [78°16'40" E, 33°4'4" N] and T38 [78°21'33" E, 33°9'5" N]) from the UHP eclogitic country rock.
Sample preparation and analytical technique
A total of 78 analyses were completed for sample T38 and 14 analyses for sample T18 (see Table 2 for U-Th-Pb data for all analyses). Zircons were separated and mounted using standard sample-preparation methods for ion-microprobe analysis (Williams, 1998) , and U-Pb SHRIMP analyses, data reduction using Squid, and plotting using Isoplot followed standard techniques (Williams, 1998; Ludwig, 1999) . No morphologic or color differentiation was made during handpicking for the sample mount. Zircons include both subrounded and irregular-shaped grains that display clear core/mantle/rim zoning relationships under cathodoluminescence (CL) imaging (Fig. 2) . SHRIMP analyses targeted rims that appeared to be metamorphic based on CL imaging (i.e., lack of oscillatory zoning, rounded grain morphology); analysis of zircon mantles and cores was performed for comparison and to establish different growth domains within the zircons. Pb/U ratios were calibrated with reference standard R33 (419 Ma; Black et al., 2004) , which was analyzed after about every fourth unknown analysis. Zircons were analyzed using the SHRIMP-RG (-reverse geometry) at the Stanford-USGS Microanalysis Center. U-Th-Pb data for each ~30 µm spot were collected in five scans. Figure 3 shows Tera-Wasserburg concordia diagrams for analyses from both samples; these concordia plots include some discordant data, and display mixing trends and discordance due to common Pb (all concordia plots show data uncorrected for common Pb). All weighted mean ages (95% confidence level) described for dating in this study are 207 Pb-corrected 206 Pb/ 238 U ages from concordant data or data within 1-2% of concordance; high U (>3000 ppm, Williams and Hergt, 2000, cited in Ireland and Williams, 2003) , high common Pb, and discordant analyses were excluded from age calculations. Zircon rims yielding Eocene ages are only from sample T38 (Figs. 3A and 3B; Table 2 ). Out of 26 analyses that yielded Late Paleocene to Middle Eocene ages in sample T38, 11 were excluded from age calculations because they were more than 5% discordant. Both samples T18 and T38 give ~500-400 Ma ages from zircon cores and mantles (Figs. 3C and 3D) . Thirteen analyses in T38 yielded ages in the Early Ordovician to Early Devonian; 11 of those analyses were concordant (2 were excluded because of high common Pb). Sample T18 yielded eight concordant analyses from the Middle Ordovician to the Early Devonian. Four zircon analyses in T38 indicate an inherited component with Late Proterozoic ages; two analyses were concordant at 1744 ± 24 Ma and 748 ± 11 Ma, corresponding to the Indian craton (DeCelles et al., 2000) .
Results of dating

Pan-African Magmatism
Zircons from both samples T18 and T38 yielded ages between ~400 and 480 Ma (Fig. 4) ; it is likely these zircons record magmatism that was part of widespread late Pan-African magmatism along northern India . Girard and Bussy (1999) described late Pan-African magmatism ages (479 ± 2 to 482 ± 1 Ma) recorded by inherited zircons from the TMC using conventional U-Pb dating (Table 1) . Pan-African granitic magmatism occurred in the Himalaya from 580 to 450 Ma, with an eastward progression over time (Girard and Bussy, 1999) . The ~400-480 Ma ages from Tso Morari zircons were analyzed in zircon cores and mantles; the morphology of the zircons, the oscillatory zoning patterns, and Th/U ratios indicate that these ages result from igneous domains. Sample T38 yields 11 concordant analyses with corrected ages ranging from 397.2 ± 1.4 to 481.3 ± 1.6 Ma; weighted mean averages yield several age groups (based on cumulative probability curves) at 480.9 ± 3.0 Ma (three spots) and 440.6 ± 2.9 Ma (four spots), and a single spot at 397.2 ± 1.4 Ma. Eight concordant analyses in sample T18 have corrected ages ranging from 398.3 ± 5.5 to 459.6 ± 6.4 Ma; best ages include weighted mean averages of 402.7 ± 6.2 Ma (three spots) and 424.9 ± 8.3 Ma (two spots), and a single spot age of 459.6 ± 6.4 Ma.
The 480.9 ± 3.0 Ma weighted mean average age in T38 corresponds well to the 479 ± 2 to 482 ± 1 Ma ages from Girard and Bussy (1999) (Table 1) . Several of the younger Pan-African ages with reasonably small analytical errors (see Table 4 in Girard and Bussy, 1999) fall within the range of 460-470 Ma and correspond to the ages seen in both T18 and T38. The lower limits of errors on ages for Pan-African magmatism reach 398 Ma (Girard and Bussy, 1999 , and references therein), therefore the younger ages seen in both T18 and T38 from 397 to 449 Ma may represent very late stage Pan-African magmatism.
Eocene Zircon Growth
Nineteen concordant zircon analyses from sample T38 yield ages from a 10 m.y. period in the Early to Middle Eocene from about 55 to 45 Ma (Fig. 4A Table 1 ). B: A similar example of continuous metamorphic zircon growth from the Sulu terrane, China (from Liu et al., 2004) wherein the older ages are from coesite-bearing zircon domains, and the younger ages correspond to quartz-bearing zircon domains. All weighted mean ages (95% confidence level) described for dating in this study are 207 Pb-corrected 206 Pb/ 238 U ages from concordant data or data within 1-2% of concordance. High U, high common Pb, and discordant analyses were excluded from age calculations. Table 2 ); morphological and CL characteristics, and U-Th-Pb concentrations do not allow us to distinguish zircons from each of these three age groups ( Figs. 2 and 3 ; Table 2 ). Analyses that yielded Eocene ages were from thin, bright rims (under CL) with darker cores/mantles; these metamorphic rims had very low Th/U ratios (<0.14 with most <0.02). There are only rare inclusions in these rims, and included minerals do not allow for thermobarometric estimates. Most metamorphic rims were too thin to yield sufficient U for analysis or the beam overlapped into older growth domains within the zircon and yielded an older apparent (mixed) age.
Because of the small amount of radiogenic Pb in Tertiary zircon, 207 Pb/ 206 Pb and 207 Pb/ 235 U ages determined by the ion microprobe have high uncertainties and cannot be use to evaluate discordance. However, assuming common Pb is the most significant factor in producing discordance toward a common-Pb 207 Pb/ 206 Pb ratio (0.86 ± 0.6; Cumming and Richards, 1975) , then a common-Pb correction provides acceptable estimates of true ages (DeGraaffSurpless et al., 2003) . This is a reasonable assumption for zircons in this study because the data that plot above concordia fit a mixing line toward a 207 Pb/ 206 Pb ratio for common Pb and do not fit a mixing line toward older ages (Figs. 3A and 3B) .
The Tera-Wasserburg concordia diagram provides a graphical estimate of discordance in young zircon grains by showing uncorrected 207 Pb/ 206 Pb ratios plotted against uncorrected 238 U/ 206 Pb ratios (Fig. 3B) . Discordance of Eocene grains was estimated by determining where data fall on a mixing line from the common-Pb value through the data to concordia. Eocene zircon data shown in Figure 3B only includes grains more than 95% concordant; analyses with high common Pb were excluded.
REE Analyses of Triassic Zircon Domains
Rare-earth-element (REE) data were collected using the SHRIMP-RG in the same analysis spots for which U-Pb dating was done in an attempt to distinguish between eclogite-facies zircon growth and lower-grade metamorphic zircon growth.
Analytical technique
The lack of well-characterized zircon crystals for REE calibration standards requires calibration to other REE and zircon standards. For our analyses, we calibrated to: NIST SRM 611 and NIST SRM 613 (REE-spiked) glasses; SL13 standard zircon (REE concentrations based on SL13-LA-CH in Hoskin, 1998) ; and CZ3 (U-concentration standard). NIST glasses and SL13 zircon were analyzed at the beginning and end of the SHRIMP session. Rare-earth data were collected in three scans, with the CZ3 standard repeated after every twelfth analysis; multiple CZ3 and SL13 standards were run before and after each sample. Details of data reduction were as described by Hoskin (1998) ; data were normalized to the chondrite values of McDonough and Sun (1995) .
Summary and interpretation of REE data
Sample T38 was analyzed for REEs and show consistent patterns of depleted LREEs with slight negative Eu anomalies and enriched HREEs with respect to MREEs. Figure 5 shows REE patterns for zircons yielding Eocene ages (see Fig. 2 , Table 2 ). Although patterns for all analyses are broadly similar, those REE patterns for the older dates (~53 Ma) are more enriched in the LREEs, specifically La and Ce, with concentrations roughly two orders of magnitude higher, whereas La and Ce concentrations for younger ages are much lower and more variable.
Zircon growing in the presence of garnet should show a depleted HREE pattern because garnet preferentially incorporates HREEs; in contrast, magmatic zircon grown in the presence of plagioclase should have elevated HREEs and a negative Eu anomaly (example in Fig. 5 ; Hermann et al., 2001; Rubatto, 2002; Rubatto and Hermann, 2003) . Our age and REE data for zircons are from quartzofeldspathic gneisses that have abundant feldspar and only rare to minor garnet; consequently the REE patterns are generally consistent with zircon growing in association with feldspar. These REE patterns do not rule out zircon crystallization at eclogitefacies in a largely garnet-free rock, but may reflect zircon growth under amphibolite-facies conditions for some zircons based on our interpretation of the age data for these samples below.
Interpreting UHP versus Retrograde Zircon Crystallization Ages
Sorting the Eocene-age data by age yields what appears to be continuous zircon crystallization from 55 to 45 Ma (Fig. 4A) . It is inappropriate to estimate the timing of peak metamorphism by calculating a weighted mean age from these 19 analyses spanning 10 m.y.; this would result in a young apparent age with a large amount of uncertainty (49.7 ± 1.6 Ma; MSWD = 26). We separate these data into four age groups ( Fig. 4A ) with overlapping 1σ error bars, and include the maximum number of analyses that yield ages with small errors and low MSWD values: 53.3 ± 0.7 Ma (MSWD = 0.20), 50.1 ± 0.6 Ma (MSWD = 0.37), 47.5 ± 0.6 Ma (MSWD = 0.61), and 45.2 ± 0.7 Ma (MSWD = 0.55). These ages are effectively snapshots in time during continuous metamorphism from UHP conditions through early exhumation.
Our Eocene U-Pb SHRIMP ages correspond well to-and are in part bracketed by-existing thermochronometric data for peak and retrograde metamorphic events in the TMC at ~55 ± 11 Ma and 47 ± 3 Ma, respectively (de Sigoyer et al., 2000;  Table 1 ). We interpret the oldest Eocene age (53.3 ± 0.7 Ma) to date UHP metamorphism in the TMC because it corresponds to three different radiometric dating systems that shows peak metamorphism took place at ~55 Ma (de Sigoyer et al., 2000;  Fig. 4A , Table 1 ). The 47.5 ± 0.6 Ma age from this study is equivalent to the 45-48 Ma ages obtained by de Sigoyer et al. (2000) for the amphibolite-facies retrograde metamorphism using 40 Ar/ 39 Ar, Rb-Sr, and Sm-Nd dating methods. Well-established 40 Ar/ 39 Ar closure temperatures exist for biotite, muscovite, and phengite, ranging from 350 to 400° ± 50°C (McDougall and Harrison, 1999) ; these ages therefore record synexhumation cooling in UHP terranes.
The 50.0 ± 0.6 Ma age, intermediate between the UHP and the amphibolite-facies metamorphism (Fig. 4A, Table 1 ), corresponds to metamorphism that is recorded by several thermobarometric calculations (see Guillot et al., 1997; de Sigoyer et al., 2000; Jain et al., 2003) and falls on the exhumation path between the UHP and amphibolite-facies events (Fig. 6 ). Similar to other UHP terranes (e.g., Leech and Willingshofer, 2004) , standard thermobarometric calculations (using Fe-Mg exchange in garnet and omphacite [de Sigoyer et al., 2004] ) record retrograde P-T conditions rather than peak metamorphic conditions; temperature estimates will also be too low if the estimated pressure used in the calculation is too low (de Sigoyer et al., 2004 uses 2.0-2.5 GPa despite the occurrence of coesite). Analytical errors were too large with previous dating methods to distinguish this metamorphic event. The final group of ages at 45.2 ± 0.7 Ma must record the lowest-temperature zircon growth (~350-450°C, corresponding to the lower limit of closure temperatures in phengite for the 40 Ar/ 39 Ar system).
Abundant examples exist of low-temperature zircon crystallization, including amphibolite-facies zircon growth in diamondiferous UHP rocks from the Kokchetav massif (Hermann et al., 2001 ). Similar FIG. 5. Chondrite-normalized (McDonough and Sun, 1995) REE patterns of zircons yielding Tertiary U-Pb ages for sample T38. Two typical patterns for magmatic zircon and eclogite-facies zircon (from Rubatto and Hermann, 2003) are shown for comparison.
to the multiple stages of Eocene zircon growth described in this study, Hermann et al. (2001) demonstrated that coesite-and diamond-bearing zircon (their Domain 2) looks identical under CL to growth domains recording upper amphibolite-to granulitefacies zircon growth (their Domain 3). U-Th-Pb concentrations for Domains 2 and 3 in Kokchetav zircons are indistinguishable, just as are U-Th-Pb concentrations in TMC zircon rims.
Continuous Metamorphic Zircon Growth
In the Sulu terrane, China, coesite-bearing zircon domains (cores and mantles) unquestionably yield the timing for UHP metamorphism, whereas younger quartz-bearing zircon rims record retrograde zircon growth (Liu et al., 2004) . Sorting the Sulu U-Pb data (from Liu et al., 2004) by age shows the same continuum of zircon growth from UHP to FIG. 6 . Age-depth diagram showing conditions for the Tso Morari Complex during UHP metamorphism, and subsequent exhumation with results of various radiometric dating methods (see Table 1 ; de Sigoyer et al., 2000 , Schlup et al., 2003 plotted in appropriate temperature ranges for those methods (modified after Fig. 17 in Massonne and O'Brien, 2003) . The exhumation P-T-t path shown is modified from de Sigoyer et al. (2000) to account for the more recent discovery of coesite and other mineralogical evidence for UHP metamorphism (Sachan et al., 2001 (Sachan et al., , 2004 Mukherjee and Sachan, 2003; Leech et al., 2006a) . The vertical bar represents a 3 m.y.-wide period corresponding to the garnet diffusion modeling of Konrad-Schmolke et al. (2005) and Massonne and O'Brien (2003) , stopping at about 450°C, at which point garnet diffusion ends; this 3 m.y.-period fits all high-and intermediate-temperature geochronometry within error. White symbols correspond to U-Pb SHRIMP dating of zircon from this study as outlined in Figure 4A . retrograde metamorphic conditions (Fig. 4B) . Leech et al. (2006b) demonstrate that U-Pb ages on different zircons from the same area, but lacking UHP index mineral inclusions, record the same span of ages for peak and retrograde zircon growth as described by Liu et al. (2004) ; 40 Ar/ 39 Ar dating records retrograde metamorphism in the same rocks (Webb et al., 2006) . Similar examples of continuous metamorphic zircon growth are seen in UHP rocks from eastern Greenland (McClelland et al., in press ) and the Ural Mountains, Russia (Beane and Leech, in press ).
Comparing our U-Pb SHRIMP dating of zircon to results from several other radiometric dating systems indicates that metamorphic zircon growth can continue essentially uninterrupted from UHP conditions (ca. ≤1000°C) through exhumation to the mid-crust at significantly lower temperatures (ca. 350-450°C); this is a reliable method to help interpret U-Pb age dating when internal evidence is lacking (see the section on Eocene Zircon Growth).
A new model for diffusion in garnet (KonradSchmolke et al., 2005) from the Tso Morari Complex describes a rapid exhumation period from peak through retrograde metamorphism to no more than 3 m.y., ending with garnets cooling below about 450°C when measurable diffusion in garnet ends. The results of dating from this study and multiple intermediate-to high-temperature geochronometers (≥450°C) reported in de Sigoyer et al. (2000) all fit, within error, this 3 m.y. period from 53 to 50 Ma. Figure 6 illustrates how zircon continued to grow from peak metamorphic conditions through much lower temperatures during exhumation (to about 400°C).
Timing of UHP Metamorphism and the India-Asia Collision
The timing of UHP metamorphism (53.3 ± 0.7 Ma) in the TMC is ~2 m.y. younger than estimates for the timing of the initial collision between India and Asia at 55 ± 1 Ma (see discussion in Guillot et al., 2003 and . In order to reconcile the short period of time available for Tso Morari protoliths to enter the subduction zone along the leading edge of the Indian continent and then to recrystallize under UHP conditions, subduction must have been vertical. presented a subduction model using this U-Pb SHRIMP dating to quantify the timing and angle of subduction; the model considers the geometry of a subduction zone, accounting for the strength of the continental lithosphere, and recalculates the timing of the initial collision between continental India and Asia from 55 Ma to 57 Ma. Zircon geochronology using the precision of SHRIMP and other ion microprobe analyses have applicability beyond constraining complex metamorphic histories; tectonic models of continental collision, subduction, and exhumation result from careful U-Pb dating (e.g., Guillot et al., , 2006 and give insight into much larger scale processes.
